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The lateral force induces a torsional motion in the cantilever for an atomic force microscope. This 
phenomenon affects not only the surface image but also the force curve. The two-dimensional 
deflections of the cantilever under several force curve measurement conditions are investigated 
using the heterodyne interferometer. In most cases, the deflection agrees well with that obtained 
theoretically from linear static analysis. At some points on a rough sample surface, undesirable 
behaviors are seen in both force curve and two-dimensional deflection of the cantilever. The relation 
between the force curve and the deflection of the cantilever is investigated in detail experimentally 
and theoretically. 
I. INTRODUCTION 
The atomic force microscope (AFM) has developed rap- 
idly into a powerful tool which can image surface structures 
of both insulating and conductive samples.’ AFM operation 
is based on detecting the cantilever deflection which is 
caused by small forces acting between a fine tip on the can- 
tilever and the sample surface. 
Since atomic scale friction was observed by Mate 
et al.,“q3 the microscopic friction has been investigated” and 
various methods have been used to measure the lateral force 
and topography images simultaneously.5-8 These methods 
are based on detecting the cantilever deflection in two or- 
thogonal directions. 
The influence of the lateral force can be seen not only 
from the lateral force images but also from the AFM images 
with the parasitic deflection (“deflection” and “deformed 
geometry” will always refer to the deflection and the de- 
formed geometry of the cantilever in this article). The fric- 
tion force between the tip and the sample surface creates a 
torque due to the lever arm of the tip, and bows the lever. 
This bowing produces a stairstep artifact in the high force 
AFM image of atomic corrugation.” A larger lateral force can 
arise from friction if the tip scans over a steep slope on the 
sample.” The asymmetric capillary bridge also produces a 
lateral force during scanning.r’ 
On the other hand, AFM can directly measure the inter- 
facial interaction-force curve-that is the tip displacement 
as a function of the relative sample displacement at a fixed 
sample location. Detailed material natures can be obtained 
from the force curve. In general, the deflection is propor- 
tional to the normal force acting on the tip. However, para- 
sitic deflection can be involved in the force curve when an 
undesirable force acts on the tip during force curve measure- 
ments as well as during image measurements. Friction has 
been investigated with the load in the force curve.778*1513 In 
these experiments, the lateral deflection is measured simul- 
taneously. Compared with the AFM image, it is difficult to 
distinguish parasitic deflection (e.g., bowing or torsion) from 
normal deflection in the force curve. Detailed measurement 
of the deflection is fundamentally important for the charac- 
terization of the interaction force. 
In this paper, combining the laser heterodyne interferom- 
eter and AFM, we have measured the two-dimensional (2D) 
static deflection and the force curve. For comparison, the 
static deflection is calculated numerically by the finite ele- 
ment method (FEM). From experiments and calculations, the 
deflection and the influence of undesirable forces on the 
force curve are investigated. 
II. EXPERIMENTAL SETUP AND THEORETICAL 
CALCULATION 
Figure 1 shows the schematic diagram of the heterodyne 
interferometerI and AFM component (cantilever, piezo tri- 
pod, and sample). The optical configuration consists of a 
Michelson interferometer. The linearly polarized He-Ne laser 
beam is modulated at 100 kHz by two acousto-optic modu- 
lators (AOMS). The phase of the output signal of the photo- 
diode PD, is measured with reference to that of the other 
photodiode PD, . The phase shift is calculated by a 100 MHz 
quartz clock with a sensitivity of 0.32 nm/clock. The ar- 
rangement of the cantilever and the sample can be observed 
through a combined conventional optical microscope. The 
AFM component is placed on the cross roller stage. To mea- 
sure the force curve, the location of the laser spot is fixed at 
the end of the cantilever and the sample is swept by a z-axis 
piezo.15 To measure the deformed geometry, the cross roller 
stage is driven to scan the rear surface of the cantilever with 
the focused laser beam. The cross roller stage is combined 
with piezos and dc motors as shown in Fig. 1. The stage is 
scanned roughly with the dc motor in the range less than 15 
mm and it is also translated precisely with the piezo in the 
range less than 50 ,um. 
Figure 2 is a typical force curve. All measurements were 
carried out in ambient laboratory air. In the general force 
curve measurement, the sample is moved toward the tip 
while measuring the tip displacement. The tip falls to the 
surface at the position B in Fig. 2. Translating the sample 
further, the cantilever deflects upward. When the tip is in 
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FIG. 1. Schematic diagram of heterodyne interferometer combined with 
AFM. The diameter of the focused probe beam is -1 pm. BS: beam splitter, 
PBS: polarizing beam splitter, AOM: acousto-optic modulator, PD, and 
PD, : photodiodcs. 
contact with the surface, there is generally a linear relation 
between the tip and the sample displacement. In this ex- 
ample, the normal force becomes 29 nN at the position Cl as 
shown in Fig. 2. When the sample is withdrawn, the tip is 
still in contact with the sample passing through the equilib- 
rium position B. The tip adheres until the position C2, where 
the force (-15 nNj exerted by the cantilever becomes large 
enough to break the adhesion. The cantilever then springs 
back to its resting position. 
The 2D deflection is measured as follows. First, the 
force curve is measured. From the force curve, we decide the 
positions (denoted by A, B, Cl, C2, and D in Fig. 2) to 
measure the static deformed geometry. The voltage applied 
to the piezo is held at these positions during the deformed 
geometry measurement by scanning the cantilever rear sur- 
face. We measure the deformed geometry in order of A, B, 
Cl, C2, and D making the z-axis piezo hysteresis condition 
the same as in the force curve measurement. After a series of 
measurements, the force curve is measured again to confirm 
good agreement with the first one. The 2D deflection is ob- 
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FIG. 2. A typical force curve. The sample is the micro cover glass. Zero 
sample displacement is set at the point where the tip and sample start to 
move together. At some specific positions (e.g., A, B, Cl, C2, and D), the 
deformed geometries are measured applying the same voltage to the .z axis 
piezo as in the force curve. 
(a) 
FIG. 3. tnitially deformed geometries of the membrane at the end of canti- 
levers without load. (a) Schematic image of the cantilever and the scan area. 
[b) Deformed geometry for (a). (c) Schematic image of another cantilever 
and the scan area. (d) Deformed geometry for (c). Both cantilever (a) and (c) 
consist of a 0.55-pm-thick S&N, film. 
tained by subtracting the deformed geometry at 0 nm (con- 
tact position in approac$ e.g., B in Fig. 2) from one at the 
other position (e.g., Ci-‘and C2 in Fig. 2). We also confirm 
that the mechanical drift is negligible by comparing the de- 
formed geometry measured at resting positions (e.g., A and 
D in Fig. 2). 
The static deflection of the cantilever is analyzed using 
FEM. FEM analysis is rigorous in comparing with the paral- 
lel plate approximationi The software used in the calcula- 
tion is I-DEAS IV (SDRC Corp.). We used V-shaped S&N4 
cantilevers from Park Scientific Instruments.‘” The cantilever 
is 29 pm wide and 173 pm long. For accurate modeling, 
cantilever sizes were measured by the scanning electron mi- 
croscope and the optical microscope. The cantilever is mod- 
eled with 157 nodes and 126 elements. The spring constant is 
calibrated to be 0.056t0.004 N/m.19 Matching the vertical 
bending spring constant obtained from FEM to the calibrated 
value, the Young’s modulus for S&N4 is evaluated to be 120 
GPa, whereas, the reported values are within the range from 
120 to 310 GPa. The torsional spring constant is estimated to 
be 45 N/m. 
Ill. RESULTS AND DISCUSSION 
A. Deformed geometry without load 
Before investigating the deflection in the force curve 
measurement, the initial deformed geometry is measured 
without applying the external force to the lever. Figures 3(a) 
and 3(c) are schematic diagrams of measured cantilevers and 
scan areas. Figures 3(bj and 3(dj are measured deformed 
geometries without load for the respective cantilevers shown 
in Figs. 3(a) and 3(c). An area 44X44 ,um” is scanned with 
piezos. The cantilever membrane is not flat. Figure 3(b) 
shows the cantilever is concave in its width. The radius of 
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FIG. 4. Deformed geometry of the whole cantilever. (a) Sizes of the canti- 
lever and scanned path. (b’) Force curve. (c) Deformed geometries. The 
deformed geometries are measured at 0 pm (B), -1 pm (Cl), -2 ,um (C2), 
and -3 pm (C3) both in approach and withdrawal, respectively. The sample 
is the optical mirror with Al film coat. The zero force is defined to be the 
force acting at the resting position. 
curvature is -4 mm. In contrast there is less curvature in 
Fig. 3(d). Although S&N, films are formed under less com- 
pressive stress than SQ, films,” we consider that the re- 
sidual stresses in Si,N, film cause this curvature. The accu- 
racy for the deformed geometry is a few nm and that for the 
deflection is --5 mn in our experiments. The following re- 
sults are for the cantilever shown in Fig. 3(a). 
B. Normal deflection 
In the ‘first experiment, the deformed geometry of the 
whole cantilever is investigated in the force curve measure- 
ment. Figure 4(a) shows the schematic diagram of the mea- 
sured cantilever and the scanned path along the lever. Figure 
4(b) shows the force curve. The acting force is from -90 to 
112 nN. The sample is an Al-coated optical mirror with a 
surface roughness of -2 nm rms. Attractive force by the 
static charges on the cantilever and on the sample surface is 
detected in this experiment. The deformed geometry is mea- 
sured at 0 ,um (contact position I!& -1 pm (Cl), -2 ,um 
(C2)> and -3 pm (C3) in approach and withdrawal respec- 
tively. Figure 4(c) shows deformed geometries along the Ie- 
ver at these positions. dc motors are used to scan the area 
172X130 ,um’. .The accuracy of this measurement is -50 
nm, suffering from the vibration of dc motors. Deformed 
geometries in approach and withdrawal are nearly the same 
both in the repulsive and the attractive for& region. Figure 
4(c) shows that the edge part of the lever is flat and that the 
FIG. 5. FEM result for the deflection when the tip moves vertically by 1 
,um. The solid line shows the deflection and the dashed line shows the initial 
geometry of the cantilever. The displacement is emphasized. 
cantilever curves mainly at positions close to the clamped 
ends. The behavior of V-shaped cantilevers of other sizes 
was similar to this case. 
Figure 5 shows a FEM result of the deflection when the 
tip moves by 1 pm vertically (solid line). The displacement 
is emphasized in Fig. 5. In the calculation, there is neither 
translation nor rotation at eight clamped base nodes and the i 
other nodes are free. The cantilever membrane is initially 
assumed to be a flat plane (dashed line). The FEM result 
shown in Fig. 5 agrees with Fig. 4(c). 
Next, the deflection at the end of the cantilever shown in 
Fig. $$.is investigated in the force curve measurement. The 
sampk is frosted glass with surface roughness of -270 nm 
rms. A typical case is shown in Fig. 6. Figure 6(a) shows the 
measured force curve. In spite of the rough sample surface, a 
linear force curve is measured in the small force region. The 
acting force is from -15 to 14 nN. Figure 6(b) shows the 
deflection at -50 nm in approach [position Cl in Fig. 6(a)] 
with an acting force of 2.8 nN. Figure 6(c) shows the FEM 
result when the tip moves up by 50 nm. Figures 6(b) and 6(c) 
agree well with each other. The difference between the de- 
Sample displacement ( ,U m) 
(a) 
FIG. 6. A typical deflection. Sample is frosted glass. ia) Force curve. (b) 2D 
deflection at -50 nm in approach [Cl in (a)]. (c) 2D deflection calculated 
with FEM when the tip moves by 50 nm along the z axis. 
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FIG. 7. An example of the disordered force curve and the 2D deflection. 
Sample is frosted glass. (a) Force curve. (b) 2D deflection at -600 nm in 
approach [Cl in (a)]. (c) 2D deflection simulated with FEM when the tip 
moves by 600 nm along the t axis and -1.6 nm along the x axis. 
flection value in Fig. 6(b) and that in Fig. 6(c) is mainly due 
to the creep of the piezo. In spite of the initial deformed 
geometry, the measured deflection value is nearly the same 
as that calculated by FEM. 
C. Parasitic deflection 
The sample surface roughness influences the force curve. 
When the sample surface is fiat, the force curve will be made 
up of linear lines as shown in Fig. 2. However, the surface 
roughness tends to make the force curve deviate from these 
lines. This deviation is caused by the fact that the sample 
roughness prevents the tip from sliding over the sample sur- 
face. Since the cantilever is aligned at an angle of 6” to the 
sample surface in our system, the direction of the deflection 
is not perpendicular to the sample surface, and has a lateral 
component as much in ratio as sin 6”. Therefore, the tip 
slides on the sample surface laterally while the cantilever 
deflects vertically. The rougher the sample surface, the more 
the undesirable tendency arises. Even in such cases, the ap- 
proach and the withdrawal curves usually resemble each 
other in the repulsive force region. The following are two 
examples of a disordered force curve and parasitic deflection. 
The sample is frosted glass. Although those particular results 
are rare cases, they will help to understand the mechanical 
properties of the microcantilever in force curve measure- 
ments. 
Figure 7(a) is an example of a disordered force curve. In 
a disordered force curve, the force is not proportional to the 
tip displacement. The right axis of Fig. 7(a) shows the ap- 
parent force. The force acting along z axis F, is calculated 
from the sample displacement. We use the coordinate as 
shown in Fig. 3(a). Figure 7(b) shows the deflection at -600 
nm in approach [position Cl in Fig. 7(a)]. The cantilever 
twists right down as shown in Fig. 7(b). Figure 7(c) is the 
FEM result when the tip moves by 600 nm along the z axis 
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FIG. 8. An example of the torsional deflection. Sample is frosted glass. (a) 
Force curve. (b) Torsion angle as the function of the sample displacement. 
The dots represent measured points and the line is a straight line fitted to 
these points. 
and -1.6 nm along the x axis to show the same torsion 
angle. These two distributions shown in Figs. 7(b) and 7(c) 
agree well with each other. The force acting along the x axis 
F, is estimated from the torsion angle. The values obtained 
of F, and F, are 34 and -73 nN respectively at the condi- 
tion of Fig. 7(b). F, is -2 times larger than F, . Although the 
value of F, obtained in this experiment is mainly due to the 
slope of the local topography, this value is similar to the 
friction force of Ref. 12. The measured deflection value 
along the z axis in Fig. 7(b) is 61 nm smaller than the FEM 
result shown in Fig. 7(c). The bowing may arise from the 
force acting along they axis F, and make this difference. We 
consider that these torsional and bowing deflections influ- 
ence the force curve. In other words, the force curve devia- 
tion is sensitive to the parasitic deflection. 
Although the force curve is made up of linear lines, the 
torsion is detected. Figures 8(a) and 8(b) show the force 
curve and the torsion angle as a function of the relative 
sample displacement respectively. The “plus” torsion angle 
means the tip displacement in the plus x axis direction. Fig- 
ure 8(b) shows that the torsion angle is plus in the repulsive 
force region, and minus in the attractive force region. The 
torsion angle is roughly proportional to the sample displace- 
ment. The inclination of the line shown in Fig. 8(a) in the 
repulsive force region is -20% larger than those obtained at 
other sample points. Figure 8(a) shows that the cantilever 
moves further than the sample displacement. This tendency 
is also seen in the measured 2D deflection, showing that the 
measured deflection value along the z axis is larger than the 
result calculated by FEM. This feature is in contrast to the 
case of Fig. 7. Near this sample point, the force curve was 
disordered like Fig. 7(a). 
Although there is the possibility of relaxation during the 
measurement, the torsion angle is on the order of 0.01” in the 
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above cases. The cantilever deflects more easily in the verti- 
cal bending (z axis) than in the torsion (X axis) or the bowing 
(y axis). According to the FEM result, the torsional spring 
constant is 750 times larger than the vertical bending spring 
constant. The V-shaped cantilever is more inert for torsion 
than the I-shaped cantilever. In Ref. 21, the lateral spring 
constant for a V-shaped cantilever is estimated to be 10 times 
larger than that of an I-shaped cantilever of similar size. 
The optical beam deflection method with a four-segment 
photodetector has previously been used to detect lateral and 
normal forces.“T13321 In this method, the signal from the ver- 
tical bending can be mixed with that from the bowing which 
will be caused on the rough sample surface. In our method, 
however, lateral and normal forces are definitely obtained. F, 
and F, are obtained from the sample displacement and the 
torsion angle respectively. Fy can be estimated from the dif- 
ference between the measured 2D deflection value and FEM 
result when the tip displaces as much as the sample 
displacement.22 
IV. DISCUSSION 
Using the laser heterodyne interferometer, we directly 
measured the 2D deflection of the cantilever for ARM under 
the same condition as in the force curve measurement. The 
initial deformed geometry of the cantilever is measured with- 
out load. The end of the cantilever membrane curves slightly. 
The deflection at the end of the cantilever turned out to be 
flat in many cases. The deflection agrees well with the result 
calculated by FEM analysis in spite of the initial curvature of 
the membrane. The rough sample surface tends to make the 
force curve deviate from the normal lines and the deflection 
contain the parasitic component (e.g., bowing or torsion). 
The influence of the lateral force in the force curve mea- 
surement is small compared with in the AFM image when 
the acting force is small. Nevertheless, the parasitic deflec- 
tion of the cantilever can be contained on a rough sample 
surface. The force curve implies a parasitic deflection when 
the deviation from the linear line or the inclination change 
etc. are observed. The influence of the parasitic deflection on 
the force curve should be carefully considered when inter- 
preting data with these symptoms. 
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